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A B S T R A C T
Mineral scale deposition on heat exchanging surfaces increases the thermal resistance and reduces the operating service
life. The effect is usually intensified at higher temperatures due to the inverse temperature solubility characteristics of
some minerals in the cooling water. Scale formation build up when dissolved salt crystallize from solution onto the heated
surface, forming an adherent deposit. It is very important for heat transfer applications to cope with the fouling problems
in industry. In this present study, a set of fouling experiments was conducted to evaluate the mitigation of calcium car-
bonate scaling by applying DTPA-treated MWCNT-based water nanofluids on heat exchanger surfaces. Investigation of
additive DTPA-treated MWCNT-based water nanofluids (benign to the environment) on fouling rate of deposition was
performed. 300 mg L−1 of artificially-hardened calcium carbonate solution was prepared as a fouling solution for deposit
analysis. Assessment of the deposition of calcium carbonate on the heat exchanger surface with respect to the inhibition
of crystal growth was conducted by Scanning Electron Microscope (SEM). The results showed that the formation of cal-
cium carbonate crystals can be retarded significantly by adding MWCNT-DTPA additives as inhibition in the solution.
© 2016 Published by Elsevier Ltd.
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Nomenclature
Ws weights of the deposited scale (g)
Wf weights of the fouled coupon (g)
WI weights of the initial coupon (g)
Rf fouling resistance (m
2 K/W)
Ufouled overall heat transfer coefficient for the fouled case
(W m−2 K−1)
Uinitial overall heat transfer coefficient for the initial case
(W m−2 K−1)
Q rate of heat gain (W)
A total heat transfer surfaces (m2)
ΔTD temperature difference which was determined from
average temperature at the surface and bulk solution
(K)
Ts surface temperature (K)
TB bulk temperature (K)
M solution mass flow rate (kg/s)
Cp specific heat capacity constant ((kJ/(kg K))
To outlet temperature (K)
Ti inlet temperature (K)
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1. Introduction
The formation of scale deposits is a complex process, which in-
volves besides the nucleation and growth the formation layer of parti-
cles that deposit through sendimentation of particles that either shortly
after their formation or through collision adhere on the wall in contact
with the aqueous fluids. This mechanism of scale formation, initiated
and sustained by sedimentating particles is knows as “Fouling” [1–3].
Heat exchangers are an important part of industrial processes as they
handle a major portion of total energy consumption. Water is the most
common fluid used in these process and power industries. It is used as
a cooling medium, as a process fluid, and even as a solvent. Many in-
dustries tent to locate where an easy access to water is available. The
major sources of water include rivers, lakes, oceans, etc. However, be-
cause of water is a universal solvent, it dissolves everything it come
to contact with including Ca2+ and Mg2+ and other mineral found in
earth. When this water bond mineral are exposed to different physi-
cal influences, such as heat transfer, friction and pressure change, they
can revert back into natural solid stage against with one another and
always lead to the formation of deposits on the surfaces and causing
fouling problems [4–6]. Therefore, many efforts have been made to
solve this problem [7,8]. Scale deposition can form with the presence
of sparingly salts such as CaCO3, CaSO4 and CaC2O4.
Scale is a solid layer attached to equipment surfaces and piping
systems in which some materials, originally dissolved in fluids, are
http://dx.doi.org/10.1016/j.applthermaleng.2016.08.181
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deposited on the surfaces under certain conditions. The formation
of scale occurs during several industrial operations such as Crystal-
lization, distillation, evaporation, mixing, cooling, or heating of liq-
uids. The permanent scale formation results in serious industrial prob-
lems including reduced thermal efficiency of heat exchanger, induced
under-deposit corrosion, increased pressure drop and upstream pres-
sure in piping, cavitation and flow blockage [9]. The cost of scaling
has been very high for industrial sector, which comprises various com-
ponents such as special designs and construction of equipments, en-
ergy loss, maintenance costs and lost production [10,11]. At present,
water fouling can be considered as a manageable problem, but at a
high cost and usage of chemicals hazardous to environment. An en-
vironmental approach essential needed to overcome this fouling prob-
lem without use of hazardous chemicals. The research and develop-
ment on fouling has progressed significantly in the last 15 years. The
fouling mechanisms are now described in terms of processes associ-
ated with the formation, transportation, deposition, and removal mech-
anism. Major technical issues still remain before water fouling can be
recognized as a solved problem [12].
There are four essential methodologies for CaCO3 scale control:
(a) support of low operational pH (b) utilization of sequestrates (c)
upkeep of low cycles of focus, and (d) utilization of scale inhibitors
[13]. Utilization of corrosive acid is a powerful approach to avoid cal-
cium carbonate fouling development by keeping up a low pH. How-
ever, it raises worries because of its hazardous nature and the ca-
pability of accelerating metal erosion. The utilization of sequester-
ing specialists is too excessive for open recycling water applications.
Keeping up low cycles of focus prompts exorbitant waste water treat-
ment in cutting edge. Scale inhibitor used is a generally acknowl-
edged practice and includes expansion of moment measures of scale
inhibitors in the recycling water [14]. These added substances con-
tain phosphonate and/or carboxylate amasses, and can be monomeric
or polymeric. They work at threshold levels, since the inhibitor con-
centration ratio is extremely high [15]. It is believed that they perform
“threshold inhibition” by a surface adsorption mechanism involving
Langmuir adsorption. Adsorption onto the CaCO3 crystal surface(s)
causes inhibition (or delay) of crystal growth at the very early stages.
On the topic of scale inhibition mechanism, three possible inhibitor
mechanism involved in scale inhibition were summarized by Liu et al.
[16] as shown in Fig. 1.
Scale inhibitors are a group of chemical that are capable of reduc-
ing the rate of scale formation and precipitation. The function of scale
inhibitors is to prevent the scale mineral crystal growth [17]. Appli-
cation of scale inhibitors is by far the major scale control technique,
the overall goal of the inhibitor treatment is to provide the longest
possible protection against scale formation before another treatment is
necessary [18]. As reported by Davey and Garside [19], the growth
morphology can be affected by supersaturation, solvent, temperature
and additives. The inhibitors can alter crystal surface properties and
influence the electrical double layers causing change in nucleation,
growth retardation, agglomeration, and morphology [20]. Each face
of the crystal has a different surface lattice structure and a different
distribution of adsorption sites. The additives absorb onto the crystal
surface, changing the charge of surface and the associated electrical
double layer, which in turn alters the dispersion properties. This varies
the shape of the growing crystals [21]. The attractive features of these
chemical additives such as ease of handling, relatively low cost, low
dost rates, avoidance of corrosion problems arising from the use of
mineral acids, and ability to impact on hard scale formation have made
their use widespread [22].
Several chemical additives can be used to control scaling, but those
that are used at present introduce hazards to the environment [23,24].
So investigators have tried to explore green additives, such as carboxyl
methyl cellulose (CMC), cationic inulin polymer (cations), poly-al-
lylamine hydrochloride (PALAM), and more environmentally benign
additives [25]. A comprehensive study done by Hoang et al. [26] of
nine organic additives which including EDTP, NTMP NDPA, HEDP,
HEDP, NPDA, EDTA, NTA, citric acid and tartaric acid on the forma-
tion of calcium sulphate in a pipe system using a multiple flow system.
The results revealed that low concentration of additives can retard the
growth of calcium sulphate scale on the pipe walls.
Covalent modification has been suggested as a viable solution for
developing interactivity [27,28]. In order to enhance the dispersibility
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of CNTs in pure water along with inhibiting the formation of large
crystals, covalent functionalization by using diethylenetriamine pen-
taacetate (EDTA) proven a method for getting promising results [29].
From covalent alteration the crystal organisation is distorted, and the
formation of large crystals is inhibited by the crystal modifying agents
(e.g., polycarboxylic acid). The distorted crystals remain suspended in
the bulk solution and do not settle on the heat transfer surface. How-
ever, particulate fouling may occur if their concentration increases be-
yond a certain limit. This is prevented either by using techniques to
minimize particulate fouling or by using dispersing agents along with
crystal-modifying agents. The resulting crystalline deposits are differ-
ent from those formed in the absence of any additives. The layer can
be removed easily as it loses its strength.
In the field of strong sorption, added substances are essentially vi-
tal for mitigate fouling on heat exchanger. Moderation of stores and
improvement of heat exchange by incorporating additives are basic on
a fundamental level [9]. The present work reports the impediment of
fouling rates on heat exchanger surfaces in the vicinity of a biodegrad-
able added substance (MWCNT-DTPA). This finding has not been ac-
counted for before and it is a naturally amicable methodology for alle-
viation of fouling which could be utilized as a part of heat exchanger
fluids worked at low temperatures.
2. Experimental
2.1. Reactants and sample preparation
Hydroxyl-functionalized multi-walled carbon nanotubes (MW-
CNT-OH) with an outer diameter of 8–15 nm, lengths of 30 nm, and
purity > 95% were purchased from Nanostructured & Amorphous
Materials, Inc. (NanoAmor). MWCNT-OH has a very low stability
in water and settled immediately. All analytical grade chemicals were
purchased from the Sigma-Aldrich Co. A direct esterification of car-
boxylic acids and alcohols was suggested by Ishihara et al. [30] is ap-
plied with slight modification to synthesize DTPA-treated MWCNT.
For synthesis of DTPA-treated MWCNT, typically, MWCNT-OH
(50 mg), ZrCl4 (0.2 mol%), and DTPA (50 mg) were poured into an
agate mortar and ground thoroughly. Then, the obtained gray pow-
der was poured into a glass bottle filled with 200 ml of THF and
sonicated for 6 h until a uniform suspension was obtained. Toluene
(5 ml) were added drop by drop to the suspension during the sonica-
tion for completing the esterification reaction. To complete reaction,
the mixture was placed on a stirrer and agitated at 80 °C for 24 h. Af-
ter cooling at room temperature, the mixture was centrifuged, washed
with water, THF, and methanol to remove any unreacted materials and
dried at 60 °C. For preparing the DTPA-treated MWCNT-based water
nanofluids with weight concentration of 0.015, 0.030 and 0.045 wt%,
respectively, 150, 300 and 450 mg of DTPA-treated MWCNT were
typically added in 1 lit of water and sonicated for nearly 30 min. The
easily-miscible DTPA functionalities may explain the suitable stabil-
ity of the DTPA-treated MWCNT in water. MWCNT-EDTA-based
water nanofluid with weight concentrations of 0.015%, 0.030%, and
0.045% were synthesized.
2.2. Functionalization analysis
Fig. 2 presents the Fourier transform infrared spectroscopy (FTIR)
spectra of MWCNT-OH as pristine material and DTPA-treated MW-
CNT. FTIR spectroscopy (Bruker IFS 66/S) and Raman spectroscopy
(Renishaw confocal spectrometer at 514 nm) are used to study the
functional groups attached to MWCNT-OH. The infrared spectra were
evaluated in the range of 400–4000 cm−1 and all samples were
Fig. 2. Fourier transform infrared spectroscopy (FTIR) spectra of MWCNT-OH and
DTPA-treated MWCNT.
placed on KBr pellets at room temperature. Also, the detailed list of
peaks along with their interpretations are given in Table 1. It can be
seen that both of the materials illustrate significant peaks in their spec-
tra, however the number of peaks increases after functionalization pro-
cedure.
The FT-IR spectra of both materials show some similar peaks
around 3442, 1627, 1203 and 1093 cm−1, which were attributed to
the O H, C O, C O and C C stretching vibrations on the
MWCNT generated by the attachment of the OH groups. After
MWCNT with DTPA, some new peaks are appeared in the spectrum
of DTPA-treated MWCNT. The main peak at 1695.63 cm−1 can be
assigned to C O stretching vibration after esterification. Also, the
peak at 1305.85 cm−1 is corresponded to the stretching vibration of C
N. In addition, two other peaks, one at 3018.62 cm−1 and one at
3079.61 cm−1, are consistent with the sp3 C H and sp2 C H, re-
spectively, which resulted from MWCNT decoration with DTPA. It
can be seen that a peak at 1349.00 cm−1, which was attributed to the C
H bending vibration.
Raman characterization is a strong measurement for analyzing
structure, sp2 and sp3 hybridized carbon atoms in carbon-based nano-
materials, functionalization, and exfoliation by following alterations
in hole and electron doping [31,32]. The Raman spectra of the MW-
CNT-OH and DTPA-treated MWCNT are presented in Fig. 3. While
the MWCNT-OH is weak in terms of D intensity, the fairly strong D
Table 1






3448.56 3441.53 O H stretching vibration
3018.62 and 3079.61 C H stretching vibration
1695.63 C O stretching vibration (ester band)
1629.88 1634.6 C O stretching vibration (carboxylic
acid)
1384.07 1397.75 O H bending vibration
1349.00 CH2 bending vibration
1305.85 C N stretching vibration
1247.75 1203.29 C O stretching vibration
1210.88 1146.03 C O stretching vibration
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Fig. 3. Raman spectra of MWCNT-OH and DTPA-treated MWCNT.
bands in the DTPA-treated MWCNT sample can be seen at 1350 and
1578 cm−1, respectively. The ratio of the intensities of the D-band
to those of the G-band (ID/IG) is the amount of sp
3-hybridized car-
bon relative to sp2-hybridized carbon. In functionalization of carbon-
based materials, the higher intensity ratio of ID/IG indicates the higher
disordered carbon. The ID/IG ratio of DTPA-treated MWCNT was rel-
atively higher than that of MWCNT-OH, which confirmed the suc-
cessful functionalization via a DTPA.
TEM images of the DTPA-treated MWCNT are shown in Fig. 4. In
these images, one can see multi-walled CNT (few-walled CNT) with
relatively cylindrical shape and diameter less than15 nm. It can also be
seen that there is no unzipping with low-diameter MWCNT.
2.3. Test set-up
Fig. 5 demonstrations the experimental setup employed in this re-
search work. Discussion on the equipment and instruments, experi-
mental setup and the experimental procedure are presented in this sec-
tion. The experimental setup consisted of two rotary flow meter, Wise-
Circu refrigerated bath circulator with temperature controlled, hot wa-
ter bath circulator, K-type thermocouples, solution tank made of Per-
spex material, test specimens with coupon (SS-316) and data acquisi-
tion system (Graphtec Midi Logger GL220) [32].
Fig. 4. TEM images of DTPA-treated MWCNT.
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2.4. Test specimens
Every single of the experimental test tubing was 105 mm in to-
tal length and with 11 mm and 15 mm for inner and outer diam-
eter respectively. Same dimensions of metal pipes (stainless steel
SS-316) were used throughout the experiment. Cleaning of the smooth
test specimens were performed in first place by rubbing with a wa-
ter-soaked cloth and flushed with hot water in order to remove any de-
posited of grease, oil or other impurities before being installed in the
test rig. Stainless steel coupons that were 10 mm long were installed
in the middle of the test pipes. Characterized on the coupons were per-
formed before and after the scaling tests to understand the fouling de-
position rate.
2.5. Experimental procedures
Experiments were conducted to identify the fouling rates, fouling
resistances, and heat transfer rates for SS316 heat exchanger surfaces.
Furthermore, the effectiveness of the MWCNT-DTPA additive (en-
vironment-friendly means) in mitigating the fouling deposition rate
was studied in this research. Leakage tests were conducted prior to
the experimental runs to ensure smooth flow conditions. The experi-
mental test rig was cleaned by incorporating chemical cleaning agents
and distilled water after each of the experimental run to ensure repro-
ducibility data of the system. In order to accelerate the scaling effect,
a supersaturated solution of salts in water was prepared and used in all
of the tests. Artificial hard water was prepared by dissolving a mixture
of calcium chloride (CaCl2) and sodium bicarbonate (NaHCO3) pow-
ders in distilled water. Calcium carbonate was formed by the reaction
of CaCl2 with NaHCO3, as shown in Eq. (1).
The temperatures of the flow loops were set at 60 °C and the bulk
temperature of 7 L of solution fluid remained at 25 °C by regulating
the chiller. EDTA complexometric titration method was used to main-
taining the constant hardness of the solution throughout the experi-
mental process. The stirrer was regular at 200 rpm to ensure good mix-
ing and 5 min intervals of the data recording accomplished by the data
acquisition system.
2.6. Measurement and characterization
All of the stainless steel coupons were weighed before and after the
scaling tests. The measurement of deposited calcium carbonate scale
on the coupon was calculated by using the accompanying Eq. (2):
where Ws, Wf, and WI are the weights of the deposited scale, the
fouled coupon, and the initial coupon, respectively. The morpholo-
gies of the scale deposits were characterized by scanning electron mi-
croscopy (SEM), and the elemental analysis was determined by en-
ergy dispersive spectroscopy (EDS). Photographic and optical images
were obtained to visually differentiate the effect of the additives on the
scaling that occurred on the surfaces.
2.7. Fouling characteristics
A number of experiments were performed to study the effect of
MWCNT-DTPA concentration on CaCO3 crystallization fouling. The
fouling resistance Rf on the SS316 surfaces under all cases were cal-
culated using the Eq. (3).
where Ufouled is the overall heat transfer coefficient for the fouled case,
while Uinitial is the overall heat transfer coefficient for the initial clean
condition. These overall coefficients of heat transfer were calculated
using the Eq. (4).
where ΔTD (Eq. (5)) is the temperature difference which was deter-
mined from average temperature at the surface (TS) and bulk solution
(TB):
where Q is the rate of heat grained by the solution, M is the solution
mass flow rate, Ti and To are the inlet and outlet temperature respec-
tively and Cp is the specific heat of the solution [33].
3. Results and discussion
3.1. Effect of the concentration of the MWCNT-DTPA
Fig. 6 indicates the effect of an additive on fouling deposition.
The results obtained were comparing to results from EDTA and MW-
CNT-EDTA additives. It is showed that fouling was reduced as the
percentage of the additive was increased in the fouling solution with-
out corrosion effects. According to E. Altay, EDTA in which contain-
ing four carboxylic and two amine groups is a well-known complexing
agent of Ca2+ and its presence in solution would consequently lower
the amount of free ions thus decreasing the driving force towards nu-
cleation [34]. In these research works, DTPA with five carboxylic and
three amine centres groups was considered as the fouling retardation
additives. As a chelating agent, DTPA wraps around a metal ion by
forming up to eight bonds.
The conjugate base of DTPA has a high affinity for metal cations.
In this manner, the penta-anion DTPA5− is potentially an octaden-
tate ligand assuming that every nitrogen centre and each COO− group
counts as a centre for coordination. The formation constants for its
complexes are about 100 greater than those for EDTA [35]. It was ob-
vious that DTPA could perform much more better than EDTA and had
a promising ability to sequester metal ions, such as Fe3+ and Ca2+ [36].
Hence, effort on decorated MWCNT-OH with DTPA was introduced.
The water soluble product obtained was being bound by DTPA and se-
questering Ca2+, thus reducing in the decreased reactivity of the Ca2+
ions.
Moreover, it can be clearly seen that there is a descending connec-
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Fig. 6. Deposition of fouling under effect of concentration at inlet temperature of 60 °C for MWCNT-DTPA.
ditives concentration. The higher amount of DTPA functionalities (or
active chain for sequestering Ca2+) in the presence of higher MW-
CNT-EDTA concentration can clarify the above-mentioned reduction
in the weight of scale deposited. These findings are supported by sev-
eral investigations which indicated that the induction period of crystal-
lization could be prolonged by having high degree of carboxyl group
due to the ability of the anionic carboxylate groups to adsorb Ca2+. The
nuclei remain subcritical and eventually disappear through dissolution
consequences of rapidly adsorption of the inhibitor ions.
It concluded that increasing of the concentration of DTPA-treated
MWCNT could provide more carboxylate group with the effect of
higher probability of sequestering Ca2+ without corrosion effect is ob-
served in these experiments findings.
3.2. Fouling resistance
Fig. 7 demonstrates the results of the fouling test that were found
by using a water hardness of 300 mg L−1 and different concentrations
of additives. Agreeing to Yang et al., the induction period can be
well-defined as the time required for stable crystal nucleation to take
place and to gradually spread out along the side until the heat trans-
fer surface is completely covered with scale deposits [37]. A straight
horizontal line at the outset of the fouling curve is normally used to
portray this phenomenon.
In this present study, we obviously observed that the induction pe-
riod was dramatically increased by the increased concentration of ad-
ditives due to the high absorption ability of the additives. The addi-
tives sequestered vast numbers of calcium ions, modified the crys-
tal structure and retarded the formation of calcium carbonate crystals.
Without the additive, there was a step increase in fouling resistance in
the first 12 h of operation, which indicated the precipitation of CaCO3
and its adherence to the heat transfer surfaces. It was observed visually
that the stainless steel tubes became fully covered in the first 6 h of
the test, and the fouling resistance began to increase gradually in 12 h,
reaching an asymptotic level, indicating significant deposition on the
surfaces. In the tests without additives, a fouling layer of thick, white
deposits was observed visually, but the thickness of the deposits was
not measured.
When the additives were used, very low fouling resistance curves
were observed for difference concentrations of additives and the in-
duction period took a longer time and had a nearly zero asymptotic
value. It is understood that the additives had a significant role in re-
tarding the formation of CaCO3 on the surface.
As mentioned above, the results showed a reduction in fouling
with the increase of the concentration of MWCNT-DTPA in the foul-
ing solution. According to the previous results [38], EDTA and MW-
CNT-EDTA capable in sequestering metal ions. However, MW-
CNT-EDTA reported a corrosion phenomenon. At present,
DTPA-treated
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MWCNT was used to sequester Ca2+ ions by diminishing their re-
activity without any corrosion on the heat exchanger surfaces. MW-
CNT-DTPA loading in a base fluid, such as water, has two advan-
tages, i.e., (i) enhancement of heat transfer rate by increasing the ther-
mal conductivity of the base fluid and subsequently enhancing con-
vective heat transfer [39,40] and (ii) diminishing the reactivity of
heavy metal ions, such as Ca2+, which results in the mitigation of foul-
ing on the surfaces of heat exchangers without corrosion effect. Based
on the results, higher weight concentrations of DTPA-treated MW-
CNT in the base fluid can enhance the probability of sequestering a
larger quantity of Ca2+ ions.
3.3. Effect of MWCNT-DTPA on the scale morphology of CaCO3
crystal
3.3.1. Comparison between treatment and no treatment case
Fig. 8 shows SEM images of the CaCO3 scale formed on the
surface under no treatment condition. The amorphous CaCO3 appear
to be metastable and aggregate into larger spherical particles (about
20 μm). The crystals simultaneously grow larger and accumulation to
form a layer a CaCO3 fouling layer.
Fig. 9 shows SEM images of the CaCO3 scale formation under ef-
fect of 0.015 wt% MWCNT-DTPA additive. With the additives treat-
ment, it can be seen clearly, the crystal morphology is distorted, ir-
regular shape and relative smaller crystal size (about 10 μm) is ob
Fig. 8. SEM images of 250–1000x of calcium carbonate crystal under no treatment case.
Fig. 9. SEM images of 250–1000x of calcium carbonate crystal under effect of 0.015 wt% MWCNT-DTPA.
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Fig. 11. Crystal morphology of CaCO3 under effect of 0.045 wt% additives concentration.
served. As a consequence of inhibition by MWCNT-DTPA, new crys-
tal faces were develop and the crystals become more distorted.
These SEM images indicated that the additives affecting the crys-
tals growth and microstructure. Incorporated of additives resulted in
an accumulation of distorted and small-sized crystallites, prominently
indicating that the growth rate when additives were used was rela-
tively slow compared to the case without additives [41]. In addition,
it is preventing the formation of a regular, crystalline lattice and the
build-up of an adherent scale. Related findings have been stated in the
literature regarding the practice of additives for the drive of mitigating
fouling [42–45].
3.3.2. Effect of additives concentration
Crystals formed during the CaCO3 fouling experiments in the
no-additives and presence of the additives cases. Fig. 10 illustrates that
CaCO3 crystals are <20 μm in size, defect near the crystal wall struc-
ture in 0.03 wt% concentration. When 0.045 wt% additives concen-
tration incorporating in the inhibited system, it was observed crystal
structure are fewer in number, most are <10 μm and significantly dis-
torted as seen in Fig. 11. Most importantly that it was observed no cor-
rosion effect on all the test specimen for 3 different concentrations.
4. Conclusions
In these experiments, the comparising of fouling mitigation by us-
ing additive EDTA, MWCNT-EDTA and MWCNT-DTPA were stud-
ied systematically. Artificial hard water was prepared and used in this
experimental setup to accelerate the occurence of fouling. EDTA is a
common chelating agent used to retard the rate of fouling. However,
the efficiency is limited due to the corrosion effect because of high
concentration of additives of the solution. MWCNT-DTPA was in-
corporated in the system to mitigate fouling. A promising result with
no corrosion effect is observed. Hence, the use of MWCNT-DTPA
additive in the solution potentially retarded the formation of calcium
carbonate crystals on the surface of the heat exchanger. These find-
ings could be extended for use in designing systems and heat exchang-
ers with enhanced performance and diminished adverse environmen-
tal consequences, which are topics that should be addressed in future
research.
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